Purpose To assess the prevalence of atypical retardation pattern (ARP) in scanning laser polarimetry (SLP) with variable corneal compensation (VCC) and enhanced corneal compensation (ECC), and to evaluate the factors relating to typical scan score (TSS). Methods Measurements of SLP-VCC, SLP-ECC, and the Humphrey field analyzer (HFA) were performed in 105 normal subjects and 82 open-angle glaucoma (OAG) patients. ARP was defined as an SLP image with TSSo80.
Introduction
In glaucoma, structural changes in the optic nerve and the retinal nerve fibre layers (RNFL) are believed to precede functional changes found with standard automated perimetry. [1] [2] [3] [4] [5] Therefore, sensitive measurements of RNFL thickness should be of clinical importance to detect early changes in glaucoma and to evaluate the progression of the disease from its initial stage.
In measurements, scanning laser polarimetry (SLP, GDx; Carl Zeiss Meditec, Dublin, CA, USA), atypical retardation (ie, birefringence) pattern (ARP) is sometimes found and the presence of ARP often makes it difficult to properly evaluate the SLP results, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] resulting in poorer performance in glaucoma diagnosis. [11] [12] [13] [14] 16 ARP is a pattern of retardation, which do not match the histological distribution of RNFL thickness with thicker RNFL in the superior and inferior regions compared with the temporal and nasal regions. Recently, some clinical aspects of ARP have been reported, including the prevalence of ARP in normal and glaucomatous eyes 9, 13, 16 and the impact of ARP on the performance of glaucoma diagnosis. [11] [12] [13] [14] The enhanced corneal compensation (ECC) has been developed as an alternative algorithm to the variable corneal compensation (VCC) method to improve the signal-to-noise ratio and eliminate artefacts associated with ARP. 9, 10, 17, 18 In the ECC system, a predetermined birefringence is introduced to the raw birefringence signal to shift it into a more sensitive region of the SLP detector. 17 The amount of birefringence bias is determined using the birefringence pattern of the macular region, and then is mathematically removed point by point from the total birefringence pattern of the VCC to improve the signal and obtain a retardation pattern of the RNFL with less noise. 17 It has been reported that the prevalence of ARP in ECC measurements is considerably lower than it is in VCC measurements. 10, 11, 13, 14 Bagga et al 8 reported that the presence of ARP in VCC measurements was associated with older patient age. However, the association of ARP with systemic or ocular factors in ECC measurements have not been fully understood, although it is empirically known that myopic eyes more commonly show ARP. 9 The aim of this study is to evaluate the prevalence of ARP found in the measurements of VCC and ECC in normal and open-angle glaucoma (OAG) eyes and to investigate the factors relating to the presence of ARP in the both algorithms.
Patients and methods
All studies described below were carried out at the Department of Ophthalmology, Graduate School of Medicine, University of Tokyo, after obtaining a written informed consent from the subjects or patients. The studies were approved by the institutional review board and observed the declaration of Helsinki.
The SLP-ECC is a newly introduced algorithm, alternative to the VCC algorithm, without any alteration in the hardware of the currently used GDx VCC system. The principle of the ECC algorithm has been described in detail elsewhere 9, 10, 17, 18 and is briefly summarized below. In both the VCC and ECC algorithms, an SLP image of the macula is first obtained to decide eye-specific anterior segment polarization. When measuring the RNFL thickness with the VCC algorithm, the magnitude of the corneal compensator included in the hardware is set to the same value as the anterior ocular segment retardance, and the slow axis is set to be perpendicular to the slow axis of the anterior ocular segment. As a result, the anterior segment polarization can be eliminated and the retardance of the RNFL is typically estimated in the range of 0-90 nm.
In the ECC algorithm, after deciding the anterior segment polarization in each eye, the corneal compensator is set to make the combination of the polarization of the anterior segment and that of the compensator close to 55 nm with a vertical slow axis.
Consequently, the combined polarization signal originating from the RNFL and the anterior segment is enhanced to the range of 30-130 nm, shifting the signal into a more sensitive region of the SLP detector. Finally, the predetermined polarization (55 nm with a vertical axis) is removed from the obtained signal to determine the true RNFL retardance. With the ECC algorithm, the signal-to-noise ratio is increased by the enhancement of polarization signal, resulting in improvements on RNFL measurement in eyes with considerable noise interference originating from optical (eg, stray light, scleral reflection) or electronic (eg, noise, digitization error) error. 17 For each measurement of SLP-VCC or ECC, typical scan score (TSS) 9, 10, 18, 19 was determined to evaluate the typicality of the polarimetry images. An image with ARP was defined as that with a TSS lower than 80. 9, 14 In this study, SLP measurements with VCC and ECC were performed in 105 ophthalmologically normal volunteers recruited from a large register for obtaining normal medical data and 82 consecutive patients with OAG from the outpatient clinic at Tokyo University Hospital between March 2005 and December 2005. Ophthalmologically normal eyes had no history of ocular diseases, intraocular pressure of 21 mmHg or lower by Goldmann applanation tonometry, normal optic disc appearance based on clinical stereoscopic examination, and reliable and normal results of the Humphrey field analyzer (HFA) 24-2 Swedish interactive testing algorithm (SITA) standard strategy (Carl Zeiss Meditec Inc., Dublin, CA, USA). The results of the HFA were judged as reliable when fixation loss was o 20% and false-positive/negative error was o33%. A visual field result was concluded as normal when it showed neither glaucomatous abnormalities according to the criteria described below nor other pathological findings. OAG was diagnosed based on normal open angles, typical glaucomatous optic disc appearances, VFD corresponding to the optic disc findings evaluated with reliable HFA results with 30-2 SITA standard strategy, the absence of apparent pale colour of the optic disc, and the absence of any contributing ocular or specific systemic disorders. The visual field was judged to be abnormal according to the criteria described by Anderson and Patella. 20 Eyes with refractive error (spherical equivalent) exceeding ±8 D, eyes in which reliable SLP measurements with the VCC or ECC algorithms (quality score ¼ X8) could not be obtained, eyes with ocular diseases except OAG and slight cataract, eyes having the history of intraocular surgeries, and eyes with peripapillary atrophy situated within the measurement circle (diameter 3.2 mm) of the SLP measurement were not included in this study. If both right and left eyes fulfilled the inclusion criteria, the data of right eye were used in the following analyses.
SLP-VCC and -ECC measurements were performed on one SLP machine by switching the methods' software within the machine by an experienced examiner (MY). In every subject, VCC measurements were performed first and ECC measurements followed. All scans were checked for quality and scans with a Q score lower than 8 were excluded from the study. The same measurement ring was used throughout the study, and the automatic disc edge identification was checked for each scan and manually adjusted when necessary. The SLP parameters investigated in this study were ellipse (TSNIT average), superior, and inferior averages, TSNIT SD, and nerve Fibre index (NFI). TSS [16] [17] [18] was also obtained to evaluate the typicality of the polarimetry images. HFA measurements were obtained within 3 months from the SLP measurements.
Results
A total of 105 eyes of 105 normal subjects and 82 eyes of 82 OAG patients was included in this study. OAG patients were older than the normal subjects (59.1±8.5 vs 50.6±15.0 years, mean±SD, Po0.001, unpaired t-test) and had more myopic refractive error (À2.3±2.5 vs À1.2 ± 2.3 D, P ¼ 0.005). In normal and OAG groups, mean deviation (MD) of the HFA averaged À0.72 ± 1.2 and À3.3 ± 4.1 (Po0.001) and SD was 1.6 ± 0.5 and 5.4 ± 4.3 dB (Po0.001), respectively. Table 1 summarizes the parameters of SLP-VCC and -ECC in the normal and OAG eyes. In the 105 normal eyes, TSNIT average and superior average were significantly greater in VCC than in ECC (Po0.001, P ¼ 0.009, respectively, paired t-test), whereas TSS, inferior average, and TSNIT SD were smaller in VCC (all Po0.001). In 82 OAG eyes, similar trends were also found.
The prevalence of ARP (TSSo80) is shown in Table 2 . The prevalence of ARP was significantly higher in VCC measurements than in ECC in normal and OAG groups (P ¼ 0.009 and 0.002, respectively, Fisher's exact test), although it was not significantly different between normal and OAG eyes for both VCC and ECC after adjusting for age and refractive error (P ¼ 0.803, 0.513, respectively, Mantel-Haenszel test). In VCC measurements, age was not significantly different (53.9±12.9 vs 56.8±15.3 years, P ¼ 0.373, unpaired t-test), whereas refractive error significantly more myopic in eyes with ARP than those without it (À3.1±2.5 vs À1.5±2.4 D, P ¼ 0.003) between the 26 (14 normal and 12 OAG) eyes with ARP and the 161 (91 normal and 70 OAG) eyes without ARP. These comparisons were not done for ECC measurements, because only two eyes showed ARP in ECC measurements.
In SLP-VCC measurements, TSS was not significantly correlated with age in simple correlation analysis (Pearson's correlation coefficient, R ¼ À0.12, P ¼ 0.104), whereas the correlation became significant after adjusting for refractive error (partial correlation coefficient (PCC) ¼ À0.22, P ¼ 0.003). TSS was significantly correlated with refractive error in simple correlation analysis (R ¼ 0.19, P ¼ 0.011) and after adjusting for age (PCC ¼ 0.26, Po0.001). In the 82 OAG eyes, MD was significantly correlated with TSS (R ¼ 0.40, Po0.001), and this correlation was still significant after adjusting for age and refractive error (PCC ¼ 0.35, P ¼ 0.001).
In SLP-ECC measurements, TSS was significantly correlated with neither age nor refractive error in simple correlation analysis (R ¼ 0.02, P ¼ 0.756; R ¼ 0.10, P ¼ 0.173, respectively) and after adjusting for each other of age and refractive error (PCC ¼ À0.02, P ¼ 0.788; PCC ¼ 0.10, P ¼ 0.177, respectively). In the 82 OAG eyes, MD was significantly correlated with TSS in simple Correlation between MD of HFA and TSNIT average determined by SLP-VCC and -ECC were analysed in the 82 OAG eyes. Regarding VCC measurements, MD and TSNIT average were not significantly correlated in all 82 OAG eyes (R ¼ 0.10, P ¼ 0.376, Figure 1a) . However, when the 12 eyes showing ARP (ie, TSSo80) were excluded, the correlation became significant (R ¼ 0.42, Po0.001, Figure 1b) , of which correlation coefficients were significantly higher than that in all 82 OAG eyes (P ¼ 0.033). Regarding ECC measurements, MD and TSNIT average was significantly correlated with each other in all 82 eyes without excluding the eyes with ARP (R ¼ 0.48, Po0.001, Figure 2 ).
Discussion
In this study, the prevalence of ARP, which was defined as an image with TSS less than 80, was estimated as 13.3 and 14.6% in VCC measurements in normal and OAG eyes, respectively. In an earlier study, Bagga et al 8 found ARP in VCC measurements in 5 (25%) of 20 normal and 23 (51%) of 45 glaucomatous eyes. They subjectively determined ARP, which was defined as retardation maps with alternating peripapillary circumferential bands of low and high retardation, variable areas of high retardation arranged in a spokelike peripapillary pattern, or splotchy areas of nasal and temporal high retardation. Because severity of glaucoma was correlated with TSS as shown in this study, the difference in MD of glaucoma patients between Bagga's study 8 and the current one (À8.6 ± 9.8 vs À3.3 ± 4.1 dB) should be one possible explanation for the discrepancy in the prevalence of ARP in glaucomatous eyes. More recently, the prevalence of ARP, defined by TSSo80, in VCC measurements in normal and glaucomatous eyes were reported as 10.4 and 15.5%, respectively, by Toth et al; 9 and 12.3 and 13.8%, respectively, by Sehi et al, 11 both of which were close to the current results. Gunvant et al 16 reported relatively higher prevalence of ARP (21.2 and 22.3% in normal and glaucomatous eyes, respectively). Although care should be taken because these prevalence data including ours were based on clinical settings, not on population or epidemiological settings, the findings that more than 10% of normal or glaucomatous eyes show ARP in VCC measurements suggest the clinical limitation of VCC measurements as accurate evaluation of RNFL thickness is difficult in SLP results with ARP as shown in this study and in earlier ones. 12, 14 This study showed that the prevalence of ARP in ECC measurements were 2.9 and 1.2% in normal and OAG eyes, which was significantly lower than that in VCC measurements. The prevalence of ARP in ECC measurements was reported as 3.3 and 0% in 41 normal and 92 glaucomatous eyes, respectively, by Mai et al 13 and 0.8% in 129 normal or glaucomatous eyes by Sehi et al 11 These results including ours suggest that the ECC algorithm should improve the performance of SLP in RNFL thickness measurements, resulting in more accurate diagnosis of glaucoma 12 and better correlation with visual field defects in glaucoma patients. 14 Though the importance of ARP and TSS in SLP measurements has been widely recognized, the factors relating to them have not been fully understood. Only one earlier study has reported that TSS (ie, support vector machine score) was significantly associated with age, but not with refractive error or the amount of visual field damage. 8 In this study, TSS was lower in older subjects or more myopic eyes after adjusting for each other. Because RNFL thickness is thinner in older than in younger subjects, [21] [22] [23] signal-to-noise ratio in SLP measurements is easily reduced, resulting in reduction in TSS and higher prevalence of ARP. Although it is still debated whether RNFL thickness is thinner 21 or not 24 in moderately myopic eyes compared to emmetropic eyes, RNFL thickness may partially influence the correlation between TSS and myopia. Hypopigmented fundus is often seen in myopic eyes. Noises from the scleral surface can be greater than usual in SLP measurements of such eyes, resulting in decrease in TSS, which should be a more probable explanation for the significant correlation between TSS and myopia found in this study. In ECC measurements, significant association of TSS and age or refractive error was not seen, suggesting better performance of ECC compared with VCC especially in older subjects or myopic eyes. In the present OAG eyes, TSS in VCC measurements was also significantly correlated with MD of visual field results. It should be one possible explanation that OAG eyes with more advanced visual field damage had thinner RNFL, resulting in decreased signal-to-noise ratio in SLP measurements. Significant correlation between TSS and MD was found even in ECC measurements, although the correlation was a slightly weaker than in VCC. These findings in this study imply that the accuracy of RNFL thickness measurement using SLP-VCC/ECC may be reduced in advanced glaucomatous eyes.
We also evaluated the correlation between MD and RNFL thickness determined with SLP-VCC and -ECC in the 82 OAG eyes. Initially, the correlation was not significant in VCC measurements (R ¼ 0.10, P ¼ 0.376). However, after excluding the 12 eyes with ARP, the correlation became significant (R ¼ 0.42, Po0.001), suggesting that ARP disturbed accurate measurement of RNFL thickness with SLP. When SLP-VCC is used for the diagnosis or evaluation of glaucoma in clinical practice, eyes with ARP should be excluded or should be interpreted with caution. However, TSS is only available as an exportable value from the apparatus, and is not listed on the usual printout. Therefore, it is difficult to routinely exclude eyes with ARP according to TSS.
In conclusion, the current results suggest that ARP in VCC measurements was found in more than 10% of normal or glaucomatous eyes, and TSS in VCC measurements was significantly lower in older subjects, more myopic eyes, or eyes with more advanced glaucomatous damage. Moreover, the presence of ARP should disturb the accuracy of RNFL thickness measurement by SLP-VCC. In ECC measurements, prevalence of ARP was considerably lower compared with VCC measurements, and TSS was significantly correlated only with the extent of glaucomatous visual field damage but not with age or refractive error. Therefore, we suggest that SLP-VCC scans with ARP should be interpreted with caution in clinical practice or should be excluded from a clinical study. On the other hand, ECC measurements should decrease the frequency of scans with ARP even in older subjects or myopic eyes, resulting in the improvement of performance of SLP for diagnosis and evaluation of glaucoma in clinical practices.
